Patients with cystic fibrosis (CF) exhibit an excessive host inflammatory response. The aim of this study was to determine (i) whether interleukin 8 (IL-8) secretion is increased from monocytes from subjects heterozygous as well as homozygous for cystic fibrosis transmembrane conductance regulator (CFTR) mutations and (ii) whether this is due to increased cell surface lipopolysaccharide (LPS) receptors or, alternatively, increased activation of mitogen-activated protein kinases (MAPK). The basal level of IL-8 secretion was higher from monocytes from CF patients than from monocytes from healthy controls (P ‫؍‬ 0.02) and obligate heterozygotes (parents of the CF patients). The 50% effective concentrations for LPS-induced IL-8 production for monocytes from both CF patients and obligate heterozygotes were 100-fold lower than those for monocytes from healthy controls (P < 0.05). No differences in the levels of IL-1␤ production were seen between these groups. Expression of the LPS surface receptors CD14 and Toll-like receptor 4 were not different between CF patients and healthy controls. In contrast, phosphorylation of the MAPKs p38 and ERK occurred at lower doses of LPS in monocytes from patients heterozygous and homozygous for CFTR mutations. These results indicate that a single allelic CFTR mutation is sufficient to augment IL-8 secretion in response to LPS. This is not a result of increased LPS receptor expression but, rather, is associated with alterations in MAPK signaling.
Cystic fibrosis (CF) is an autosomal recessive disorder caused by mutations of the gene encoding the cystic fibrosis transmembrane conductance regulator (CFTR) (16) . Patients with CF express a typical phenotype characterized by recurrent pulmonary infections that ultimately lead to pulmonary failure and death. It has become evident that in addition to poor clearance of bacteria, pulmonary disease in CF patients is characterized by an excessive inflammatory response to infection by Pseudomonas aeruginosa. Even in the absence of detectable lung infection, the bronchoalveolar lavage (BAL) fluid of CF patients contains increased levels of proinflammatory cytokines and neutrophils (10, 13) . In addition, interleukin 8 (IL-8) levels in BAL fluids from children with CF are significantly higher than those in BAL fluids from non-CF children with bacterial infection of the lower airways (14) . These data suggest that CFTR mutations may lead to an excessive inflammatory response in the lung. This appears to be a constitutive abnormality, since CF bronchial submucosal glands cultured from CF patients demonstrate increases in basal IL-6 and IL-8 levels compared with those cultured from non-CF control cells (9, 21) . This increase in IL-8 levels can be explained by significant amounts of constitutively activated NF-B in these CF cell lines (5) as well as low levels of cytosolic factor IB in CF bronchial gland cells (19) . In addition to the increases in the levels of these proinflammatory mediators, the levels of the anti-inflammatory interleukin, IL-10, have been reported to be markedly decreased both in BAL fluid (2) and in isolated bronchial epithelial cells from CF patients (1) .
In an effort to determine whether inflammatory cells are involved in the genesis of this altered inflammatory response, macrophages from CF patients, differentiated both in vitro from monocytes (15) and from BAL fluid (2, 10) , have been shown to secrete increased levels of IL-8 as well as to show increased tumor necrosis factor alpha (TNF-␣) responses to LPS compared to those of macrophages from healthy controls. A similar hypersensitivity to LPS-induced induction of TNF-␣ mRNA has been shown in cultured bone marrow-derived macrophages from G551D CF mice (22) . This altered monocyte/ macrophage response in CF is consistent with the fact that monocytes and macrophages express CFTR RNA, based on reverse transcription-PCR and Southern analysis (22, 28) .
Although monocytes/macrophages from CF patients secrete increased amounts of proinflammatory cytokines, this could be explained by the chronic state of infection of the host. In order to determine whether CFTR dysfunction directly leads to enhanced cytokine secretion from peripheral blood monocytes, we examined both basal and stimulated IL-8 secretion from the monocytes of CF patients as well as those of healthy obligate heterozygotes and compared these results to those observed for healthy control subjects. Our data indicate that the 50% effective concentration (EC 50 ) for LPS-induced IL-8 secretion for monocytes from humans homozygous or heterozygous for CFTR mutations is decreased 100-fold. We also show that this enhanced IL-8 secretion is not due to changes in LPS receptors but, rather, is associated with increased phosphorylation of the mitogen-activated protein kinases (MAPK) P38 and ERK.
MATERIALS AND METHODS
Reagents and antibodies. Histopaque and Escherichia coli O55:B5 LPS were purchased from Sigma Diagnostics (St. Louis, Mo.); RPMI 1640 medium, penicillin-streptomycin, and fetal bovine serum (FBS) were purchased from Life Technologies (Gaithersburg, Md.). Antibodies and cytokines were purchased from the following sources: recombinant human IL-8, anti-human IL-8, and IL-1␤ from R&D Systems (Minneapolis, Minn.); mouse anti-human CD14 from Biosource International (Camarillo, Calif.); mouse anti-human TLR4 from Serotec Inc. (Raleigh, N.C.); and purified mouse immunoglobulin G1 (IgG1) and mouse IgG2a from BD Biosciences (San Jose, Calif.). Goat serum and goat anti-mouse fluorescein isothiocyanate were from Jackson ImmunoResearch (West Grove, Pa.), and all MAPK antibodies were obtained from Cell Signaling Technologies (Beverly, Mass.).
Study population. In this prospective study, 11 CF patients (6 males and 5 females; mean age, 25 Ϯ 6.8 years), 10 obligate heterozygotes (1 male and 9 females; mean age, 44.4 Ϯ 7.3 years), and 9 healthy controls (4 males and 5 females; mean age, 31 Ϯ 6.4 years) were enrolled for analysis of IL-8 secretion.
An additional five CF patients (four males and one female; mean age, 25.4 Ϯ 6.9 years) and five healthy controls (four males and one female; mean age, 32 Ϯ 5.4 years) were enrolled for fluorescence-activated cell sorter (FACS) analysis of CD14 and Toll-like receptor 4 receptors.
For MAPK immunoblot assays, an additional six CF patients (four males and two females; mean age, 19.61 Ϯ 8.9 years), six heterozygotes (six females; mean age, 49.3 Ϯ 11.0 years), and six healthy controls (five males and one female; mean age, 30.3 Ϯ 5.9 years) were enrolled.
The CF patients were clinically stable at the time of the study and had mild to moderate disease with a mean forced expiratory volume in 1 s of 62% Ϯ 21% (mean Ϯ standard deviation) of the predicted value. All CF subjects had two mutations causing CF that included ⌬F508 on at least one allele. Although the majority of CF subjects were homozygous for ⌬F508, mutations on the other allele (compound heterozygotes) included 621 ϩ 1G-T, N1303K, C276X, W1282X, and 1717-1GϾA. All obligate heterozygotes (carriers) had previously been genotyped and were found to have a single ⌬F508 allele and had no known recent infections. The obligate heterozygotes were older because they were the parents of the CF patients. The healthy controls did not have a family history of CF or features associated with CF, including nasal polyps, sinusitis, recurrent lung infections, male infertility, or pancreatitis, or any chronic illness or recent infection. These studies were approved by the Institutional Review Boards at Beth Israel Deaconess Medical Center and the University of Massachusetts Memorial Health Center.
Cell isolation. Human monocytes were obtained from peripheral blood by density gradient centrifugation with Histopaque, as described previously (26) . Briefly, 40 ml of heparinized blood was diluted 1:1 (by volume) in phosphatebuffered saline (PBS). Twenty milliliters of the blood-PBS mixture was layered on top of 15 ml of Histopaque, and the mixture was centrifuged at 900 ϫ g for 30 min at room temperature. Mononuclear cells were collected at the interface and washed once by centrifugation at 400 ϫ g and twice by centrifugation at 200 ϫ g with washing buffer (1ϫ PBS with 0.5 mM EDTA, 10 mM HEPES, 0.2% [vol/vol] FBS). The cells were resuspended in RPMI 1640 medium containing 10% FBS (R-10). Monocytes were purified by adherence to plastic tissue culture plates (Falcon; Becton Dickinson, Franklin Lakes, N.J.) for 30 min at 37°C in 5% CO 2 and were then used for all subsequent assays. By this method, monocytes represent 89% of total adherent cells by flow cytometry. The viabilities of the cells were Ͼ92%, as determined by trypan blue exclusion.
IL-8 cytokine assay. Since we found no difference between CF patients, obligate heterozygotes, and healthy controls in the percentage of lymphocytes in the monocyte population after adherence by flow cytometry, we plated 500,000 of mononuclear cells per ml by standard methods. After overnight incubation, the monocytes were stimulated with increasing concentrations of LPS (0.0001 to 10,000 ng/ml) and IL-1␤ (0.000001 to 100 ng/ml) for 6 h at 37°C. The supernatants were collected and frozen at Ϫ20°C. The IL-8 levels in the supernatants were measured by a double-ligand enzyme-linked immunosorbent assay as described previously (11) . Briefly, the wells of a 96-well plate (Fisher Scientific, Pittsburgh, Pa.) were coated with anti-human IL-8 at a concentration of 5 g/ml in carbonate coating buffer (pH 9.6). After overnight incubation, the plate was washed with PBS with 0.05% Tween 20 (PBS-T; pH 7.4). Nonspecific binding was blocked with 2% bovine serum albumin in PBS-T for 1 h at room temperature. The plates were washed, 50 l of the recombinant human IL-8 standard or samples was added to the wells, and the plates were incubated for 30 min at room temperature. Anti-human IL-8 antiserum biotinylated with ImmunoPure (Pierce, Rockford, Ill.), according to the directions of the manufacturer, was used as the secondary antibody. The biotinylated anti-IL-8 was added after the plates were washed with PBS-T, and then the plates were incubated for 15 min at room temperature. The plates were washed, streptavidin-horseradish peroxidase complex (Amersham, Arlington Heights, Ill.) was added, and the plates were incubated for 10 min at room temperature. After the plates were carefully washed with PBS, 50 l of tetramethylbenzidine substrate solution (Kirkegaard & Perry Laboratories, Gaithersburg, Md.) was added to each well and the reaction was stopped with 50 l of 1 M o-phosphoric acid. The optical density at 450 nm was read with an automated microplate photometer (Dynatech), and the concentrations of IL-8 were determined by comparison with a standard curve. The EC 50 was calculated from the dose-response curve. The sensitivity of this method was 10 pg/ml. FACS analysis. Mononuclear cells were incubated for 15 min at 37°C either with 100 ng of LPS per ml in R-10 or with R-10 alone. The cells were fixed by suspending them in 1% (vol/vol) paraformaldehyde in FACS buffer (Hank's balanced salt solution without calcium or magnesium and with 2.5% goat and human serum) for 20 min on ice. Antibody solutions were made by using 10 g of antibody per ml in FACS buffer, and all the following steps were carried out at 4°C. Mononuclear cells (10 ϫ 10 6 /ml) from the LPS-and non-LPS-stimulated groups were then resuspended for 30 min in either anti-human CD14, antihuman Toll-like receptor 4, or their appropriate isotype-matched control antibodies for background staining (mouse IgG1 and mouse IgG2a, respectively). After the cells were washed with FACS buffer, the cells were incubated with a goat anti-mouse IgG-fluorescein isothiocyanate F(abЈ) 2 fragment for 30 min. A FACScan instrument with CELLQuest software (version 1.0; Becton Dickinson) was used for data acquisition and analysis. The monocyte population was gated, and data from 10,000 events were stored and analyzed.
MAPK phosphorylation assay. Mononuclear cells were plated at a concentration of 3 ϫ 10 6 /ml. After overnight incubation at 37°C with 5% CO 2 , the adherent monocytes were incubated with LPS for 15 min at 37°C. The cells were washed with ice-cold PBS and lysed in lysis buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1 mM EGTA, 1% Nonidet P-40, 0.25% sodium deoxycholate) containing protease inhibitor cocktail (Sigma Chemical Co., St. Louis, Mo.), 1 mM phenylmethylsulfonyl fluoride, and protein phosphatase inhibitors (1 mM NaF, 1 mM Na 3 VO 4 ). The protein concentration in the cell extracts was measured by a bicinchoninic acid-based assay. Equal amount of proteins were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis on a 10% polyacrylamide gel, electrotransferred onto an Immobilon-P membrane (Millipore), and then immunoblotted for phosphorylated or control ERK1/2 and p38 by using specific antibodies. Densitometric analysis was performed with the National Institutes of Health Image (version 1.62) program.
Statistics. The levels of IL-8 secretion from monocytes were summarized as the median, range (minimum and maximum), and interquartile range (25th and 75th percentiles) by subject group. A Kruskal-Wallis test was used to compare the three groups, and then Wilcoxon rank-sum tests were used for pairwise comparison of the subject groups if the Kruskal-Wallis test was statistically significant. MAPK levels were summarized as mean Ϯ standard deviation by subject group and LPS concentration and were analyzed by a mixed-model analysis of variance, with factors for the group LPS concentration and the group-by-LPS interaction; if the interaction was significant, the model contrasts were used to make pairwise comparisons of interest. All reported P values are two sided. Data were analyzed with SAS (version 8.0) software (SAS Institute Inc., Cary, N.C.). 1,000 pg/ml) were slightly less than those from the healthy controls (P ϭ 0.04).
For assessment of stimulated IL-8 secretion, monocytes from the same subject were incubated with concentrations of LPS or IL-1␤ ranging from 0.0001 ng/ml to 10 g/ml for 6 h, and the results were expressed as the EC 50 , which represents the concentration required for 50% maximal secretion of IL-8. E. coli LPS was used since it resulted in increased levels of IL-8 secretion compared to those achieved with Pseudomonas LPS. The EC 50 for IL-8 secretion in response to E. coli LPS stimulation ( Fig. 2A ) differed significantly among all three groups (P ϭ 0.014). In response to E. coli LPS, the EC 50 s for monocytes from both CF patients (median, 0.012 ng/ml) and obligate heterozygotes (median, 0.017 ng/ml) were approximately 100-fold lower than those for monocytes from healthy controls (median, 1.0 ng/ml) (P ϭ 0.01 and 0.03, respectively). In contrast, there were no significant differences in the EC 50 s between these three groups following IL-1␤ stimulation (Fig.  2B) , with mean EC 50 s between 0.1 and 1.0 ng/ml. Stimulation with TNF-␣ resulted in minimal secretion over basal levels (data not shown).
Analysis of LPS cell surface binding proteins. In order to explore the mechanism by which LPS-induced IL-8 secretion is enhanced, the surface expression of receptors for LPS (CD14 and Toll-like receptor 4) were examined. Monocyte cell populations were gated by FACS analysis, and data from 10,000 events were stored and analyzed. There was no difference in the expression of CD14 by monocytes from CF patients and those from healthy controls under basal and LPS-stimulated conditions (Fig. 3A and B) . Similarly, there was no difference in the expression of Toll-like receptor 4 either in the presence or in the absence of LPS (Fig. 3C and D) . After stimulation with LPS, the differences in mean fluorescences between CF patients and healthy controls were 8% for CD14 expression and 6% for Toll-like receptor 4 expression.
Analysis of MAPKs. Since monocytes from CF patients and healthy controls showed no difference in LPS receptor expression, the downstream signaling MAPKs were examined. Total levels of ERK as well as the phosphorylated (active) form were analyzed by Western blotting (Fig. 4) . The total levels of ERK were not significantly different between the groups. In contrast, with lower concentrations of LPS the level of phosphorylation of ERK in monocyte preparations from both CF patients and heterozygotes was increased compared to that for monocyte preparations from healthy controls. Only at an LPS concentration of 1 g/ml were similar levels of phosphorylation observed between all groups. At LPS concentrations of 10 and 100 ng/ml, the level of phosphorylation of ERK was significantly increased in monocytes from both CF patients and heterozygous subjects compared to that in monocytes from healthy controls (P Ͻ 0.005). The difference was also significant at 1 ng/ml when the levels of phosphorylation of ERK in monocytes from heterozygous subjects and healthy controls were compared. Similar analyses were performed for p38. The total levels of p38 were similar between the groups. Increased levels of phosphorylation of p38 occurred with lower concentrations of LPS for preparations of monocytes from CF patients and heterozygous subjects compared to those achieved for monocyte preparations from healthy controls (Fig. 5) , similar to that seen for ERK, although the differences were not statistically different when all groups were compared. The findings from similar approaches to the study of JNK were inconclusive due to low levels of detectable product by Western blot analysis.
DISCUSSION
The data presented here demonstrate that the EC 50 s in response to LPS for peripheral blood monocytes from subjects either heterozygous or homozygous for mutations in CFTR were 100-fold lower compared to those observed for monocytes from healthy control subjects. The increased levels of basal IL-8 secretion seen only from monocytes from CF patients and not those from obligate heterozygotes or healthy controls may be due to the chronic infectious state of the CF patients. Although this could also explain the lower EC 50 for monocytes from CF patients in response to LPS, the fact that monocytes from healthy obligate heterozygotes, who had no recent history of infections, show similar results would imply that the enhanced LPS response is a result of CFTR dysfunction. Although the healthy controls did not undergo CFTR genotyping, only 1 in 29 would be expected to be a carrier, and the presence of a carrier among the healthy controls would have minimized the differences that were observed.
It is interesting that this response of monocytes from heterozygotes was of a magnitude similar to that observed for monocytes from CF patients, even though the amount of functional CFTR is decreased by Յ50% in heterozygotes. This is in contrast to the finding that cholera toxin-induced intestinal secretion is 50% less in mice heterozygous for CFTR mutations than in mice homozygous for CFTR mutations (7) and suggests that CFTR may have more of a threshold effect and not a graded response on IL-8-induced secretion in human monocytes.
Since the difference in EC 50 s was seen only with LPS and was not observed in response to IL-1␤, the priming of monocyte function would have to be due to either increased numbers of LPS receptors or, alternatively, upregulation of intracellular signaling pathways activated by LPS. LPS binds to serum binding protein and is transferred to CD14 on the cell surface (for a review, see reference 8). This complex interacts with Toll-like receptor 4 and the accessory protein MD-2, which leads to activation of the MAPKs ERK, p38, and JNK. In addition, LPS activates the I kappa B kinase pathway. The result is activation of multiple transcription factors, including NF-B. Our data demonstrate that the expression of both CD14 and Toll-like receptor 4 on monocytes did not differ between healthy controls and CF patients. Hence, the lack of difference between CF patients and healthy control subjects in response to IL-1␤ implies that in the setting of CFTR alleles there is an alteration either in MD-2 or in downstream factors that lead to the activation of NF-B-inducing kinase. It is at this point that the LPS and IL-1␤ signaling pathways converge (8, 18) .
The phosphorylation of ERK in monocytes from patients either homozygous or heterozygous for CFTR mutations occurred with lower doses of LPS than that seen in healthy control monocytes. It should be noted that 1 ng/ml was the dose found to cause 50% of maximal IL-8 secretion (EC 50 ), as shown in Fig. 2A . Hence, the changes in MAPK activity seen at this dose and higher doses parallel the alterations in IL-8 secretion. Although similar trends were observed for p38, the differences were not statistically significant. How CFTR may regulate MAPKs in monocytes to modulate IL-8 levels is unknown. Whether MD-2 or other components of cell membrane signaling are altered in the setting of CFTR dysfunction remains to be determined. It has been shown in epithelial cells expressing defective CFTR that, following stimulation with P. aeruginosa, IL-8 expression is increased whether one examines cell lines (5, 27) , naïve human CF airway grafts (23), or CF knockout mice (24) . In addition, constitutive activation of NF-B leading to IL-8 synthesis occurs in the setting of either an impairment in CFTR chloride channel function or the accumulation of ⌬F508 CFTR protein in the endoplasmic reticulum, which leads to cell stress (27) . In addition, the levels of cytosolic IB␣, which inhibits the activation of NF-B, are Fig. 4 , except that phosphorylated p38 (p-p38) and total p38 (p38) were analyzed by Western blotting (A) and quantitated by densitometric scanning (B). The results are for four subjects per group and are expressed as the mean Ϯ standard deviation.
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on August 27, 2017 by guest http://cvi.asm.org/ decreased in ⌬F508 CF bronchial tissues as well as cultured CF bronchial gland cells (20) . Taken together these data indicate that CFTR dysfunction is associated with activation of NF-B in epithelial cells, although the precise mechanism remains unknown. Although a similar effect on NF-B activation may be expected in monocytes/macrophages, this remains to be tested. The fact that peripheral blood monocytes from healthy obligate heterozygotes demonstrate enhanced LPS-induced production of IL-8 has two implications. First, these data would suggest that a single allelic mutation is sufficient to modulate LPS-induced cytokine secretion. CFTR dysfunction has been shown to lead to other abnormalities in obligate heterozygotes, as evidenced by elevated sweat chloride concentrations (6) and diminished levels of pancreatic juice bicarbonate and chloride secretion as well as diminished water flow in infants (12) ; resistance to cholera toxin-induced intestinal fluid secretion in CF knockout mice (7); and the association of the CFTR dysfunction with the development of CF-related diseases in humans, such as sinusitis (25) , the congenital bilateral absence of the vas deferens (3), and chronic pancreatitis (4, 17) . The second implication of these data may relate to the high frequency of single allelic mutations in the general population. The enhanced response to LPS may be advantageous in priming the innate immune response, which leads to the rapid eradication of bacteria. In the setting of overt CF, persistent bacterial infections due to viscous secretions and poor clearance would result in continued excessive secretion of cytokines by these primed monocytes and would explain, at least in part, the excessive host inflammatory response in patients with CF.
